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ABSTRACT 
The nonlinear and large displacement finite element method has been used to perform computer simula- 
tions of the transverse collapse of single wood-pulp fibers. Initial uncollapsed cross-sectional geometries 
are defined based on the collapsed geometry of single fibers subjected to experimental transverse com- 
pression. These initial uncollapsed geometries are assumed to be either square-formed or circle-formed. 
The fiber material is assumed to be isotropic and elastic. The elastic modulus is taken as the equivalent 
transverse elastic modulus for the fiber wall, determined from the slope of the cell-wall compression part 
of the experimental collapse curve. Simulations of the deformation of fibers under transverse compression 
yield upper and lower bounds on experimental data. Parametric studies of the effects of fiber wall thick- 
ness, uncollapscd thicknc~s. and elastic modulus on collapse behavior are also presented. 
Key~~on1.s: Fibers, compression, finite element, collapse. 
INTRODUCTION "knee" in the curve characterizes the transition 
The collapse behavior of wood-pulp fibers, its 
dependence on mechanical and chemical treat- 
ments, and its effect on the papermaking process 
have been the subject of a number of studies. 
Most of these studies have used experimental 
methods to characterize collapse behavior. 
Hartler and NyrCn (1969) studied single fiber 
compression using an instrument in which fibers 
were pressed between two parallel, optically flat 
glass plates. The typical load-deformation curve of 
a single fiber under an increasing force was found 
to be as shown in Fig. 1 .  Nyrkn identified two re- 
gions in this typical collapse curve: ( I )  collapse of 
the lumen; and (2) compression of the fiber wall. A 
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from lumen collapse to fiber-wall compression. 
Reizin'sh and Chernyavskaya (1975) also 
studied the effects of transverse loading using an 
instrument similar to NyrCn's. The typical force 
versus displacement curve that they describe is 
similar to NyrCn's. 
Amiri and Hofman (2003) used impact testing 
on pulp pads to simulate the compression of pulp 
in refining. It was found that pulp mat compres- 
sion could be divided into the three regions cor- 
responding to the three regions of fiber collapse 
described by NyrCn. 
Hardacker (1 969) studied the effects of trans- 
verse compression on fiber width. Fibers were 
placed between two optically flat, clear, syn- 
thetic sapphire anvils. Width was measured with 
the aid of an image-splitting optical microscope. 
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It was found that the fiber width remained rela- 
tively constant except at high loading where 
plastic flow begins. 
Luce (1970) performed a series of tests on 
large models having round, tubular shapes to 
simulate fibers of various kinds. He found that 
fiber dimensions are paramount to transverse 
fiber properties, specifically fiber width and wall 
thickness. The force to collapse the fiber was 
shown to be related to squares of inside and out- 
side diameters of the fiber model. 
In addition to the experimental studies dis- 
cussed above, one study has been identified in 
which the behavior or fibers under transverse 
loading is analyzed with the aid of numerical 
methods. Thorpe and McLean (1983) used the 
commercial finite element analysis (FEA) soft- 
ware, COSMOS, to develop three-dimensional 
linear finite element models of fibers subjected to 
compressive and shear stresses. The fiber cross- 
sections were represented with rectangular exter- 
nal profiles and circular lumen profiles. The fiber 
wall was modeled in three layers corresponding to 
the primary-middle lamella region and the S 1 and 
S2 layers. Each layer was modeled with a single 
element depth of 8-noded brick elements having 
orthotropic properties based on data from the lit- 
erature. Compressive and shear stresses were ex- 
erted upon the model, resulting in strains of up to 
83%. It was suggested that these strains would 
cause splitting and cracking in the S2 layer, result- 
ing in a collapse of the fiber structure. The valid- 
ity of these models is questionable, however, as 
linear FEA does not accurately capture behaviors 
in which there are large deflections and strains, as 
is the case in fiber collapse. 
In addition to the experimental and numerical 
studies discussed above, Jang and Seth (1998, 
200 1 ) have used confocal laser scanning mi- 
croscopy to characterize cross-sectional images of 
fibers, particularly the state of lumen collapse. 
They derived a Collapse Index, calculated from 
the measured lumen area and calculated uncol- 
lapsed area, assuming the uncollapsed cross- 
section is either circular or rectangular. A 
semi-empirical model was developed that related 
this Collapse Index to fiber geometry, properties 
and, applied transverse load. However, the rela- 
tionship between transverse force, Collapse Index, 
and the geometry factors has yet to be verified. 
Nonlinear finite element modeling is widely 
used in the analysis of nonlinear mechanical sys- 
tems. Applications include metal forming, bio- 
mechanics, soil mechanics, and elaston~ers. 
There are, in general, three classes of nonlineari- 
ties that these methods address: material (e.g., 
plasticity, nonlinear elasticity, visco-elasticity), 
geometric (e.g., large defection, large strain, 
buckling), and change of status (e.g., contact). 
None of the studies discussed above makes use 
of nonlinear finite element modeling to the 
analysis of the collapse of single wood-pulp 
fibers. In this work, the commercial finite ele- 
ment software ANSYS is used to model the col- 
lapse of a single fiber subjected to transverse 
compression. Cross-sectional geometry and ma- 
terial properties for the model are taken from ex- 
perimental collapse data for individual fibers. 
The modeled force versus displacement data is 
then compared to the experimental force versus 
displacement data for that fiber. 
GEOMETRY AND MECHANICAL PROPERTIES FOR 
THE MODE12 
The geometry, internal structure, and material 
properties of wood-pulp fibers are complex, and 
the model presented here captures only the most 
macroscopic of those features. For each model, 
the geometry and material properties are based 
on experimental fiber collapse data for a corre- 
sponding never-dried kraft black spruce fiber. 
These data were collected using the fiber col- 
lapse instrument developed by Dunford and 
Wild (2002). All tests were conducted at ambient 
temperature, and the fibers were maintained in 
the wet state. Three fibers were selected whose 
force versus displacement curves clearly showed 
the regions of lumen collapse, transition, and 
cell-wall compression, as shown in Fig. 1 .  
Development of the fiber model requires 
unique identification of the point of collapse. 
Hartler and NyrCn (1969) identified the collapse 
point as the intersection of tangents to the cell- 
wall compression and lu~nen collapse regions of 
the curve, as shown in Fig. 1. The tangent to the 
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Fibre Thickness 
FIG. I .  Typical force versus displacement curve for 
fiber compres\ion (after Hartler and NyrCn [1969]). 
cell-wall compression region is relatively insen- 
sitive to where the tangent is taken. However, 
the tangent to the lumen collapse region is very 
sensitive to where the tangent is taken. In addi- 
tion, for fibers that are partially collapsed, this 
collapse region of the curve is incomplete. For 
these reasons, the collapse point determined by 
this method is somewhat arbitrary. Furthermore, 
the collapse point itself is not on the curve. In 
order to identify a collapse force and a collapse 
thickness that coincide, the intersection of tan- 
gents must somehow be extrapolated to a point 
on the curve. Because of these shortcomings, an 
alternative method for determination of the col- 
lapse point was developed. 
In this alternative method, the point of col- 
lapse was assumed to be the point at which the 
15 20 ' / Fibow Thickness (~nicrour) 
FIG. 2. Determination of collapse point and of equiva- 
lent elastic n~odulus of the cell wall. 
angle between the tangent to the force displace- 
ment curve and the horizontal axis was 50% of 
the angle in the region of cell-wall compression, 
as shown in Fig. 2. This method depends only on 
the tangent to the cell-wall compression region 
which, as noted above, is less sensitive to where 
the tangent is taken. It is recognized that this 
point may not coincide with the actual collapse 
point, but it is a relatively consistent means by 
which to determine an estimated value. 
To estimate the geometry of the uncollapsed 
fiber, it is assumed that the shape of the fiber at 
the point of collapse is as shown in Fig. 3(a), 
where t( is the thickness of the fiber and w is the 
width of the fiber. It is further assumed that the 
perimeter of the fiber cell wall and the cell-wall 
thickness ( tN = t(12) are both preserved during 
fiber collapse. The dimensions of the uncol- 
lapsed fiber are then as shown in Figs. 3(b) and 
3(c) for initially square and circular fiber cross- 
sections, respectively. 
The width of the fiber, w, is determined using 
an optical microscope after the fiber has been 
subjected to the compressive test. The width 
measured in this manner is likely somewhat dif- 
ferent from the width of the fiber at the collapse 
@I fc) I 
FIG. 3. Circle-formed and square-formed fiber geomc- 
tries. 
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point during the compression test. However, as 
found by Hardracker ( 1  969), the width of a fiber 
does not vary appreciably under transverse com- 
pression. 
The cell-wall material is assumed to be uni- 
form (i.e., nonlayered) and isotropic. This mate- 
rial is further assumed to be linear elastic and the 
modulus is assumed to be equal to the equivalent 
elastic modulus, Ec, of the cell-wall compression 
portion of the experimental collapse curve for 
the fiber, as defined by Dunford and Wild 
(2002). 
AFto E,, = - 
At A 
Here, to is the reference fiber thickness, as 
shown in Fig. 4, A is the area of the fiber that is 
being compressed, and AFlAt is the slope of the 
force versus displacement curve, as shown in 
Fig. 2. The area of fiber compression, A, is the 
product of the fiber width, w, and the diameter of 
the probes between which the fibers are com- 
pressed in the compression instrument. 
T H E  FINITE ELEMENT MODEL 
As discussed in the introduction, nonlinear 
FEA can be used to capture material, geometric, 
and change of status nonlinearities. The fiber 
model developed here includes large displace- 
ment nonlinearities associated with the signifi- 
cant motions of the cell wall during lumen 
collapse. The model also includes change of sta- 
tus nonlinearities in the form of contact between 
the compression surfaces and the fiber and be- 
tween opposing surfaces of the lumen. The 
model does not include nonlinearities associated 
with the behavior of the fiber material itself. The 
model is based on an isotropic elastic material, 
as discussed in the previous section. 
Model geometry for the uncollapsed fibers was 
I I determined as discussed in the section above and 
i ~rugct  Elfmen61 ( R i , i @  illu\trated in Fig. 3. This geometry was meshed - - - -- - -- - -- -- - 
- - -  -- with four-noded, 2-dimensional, axisymmetric 
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solid elements (ANSYS element Plane42). The 
I 
I I I mesh was defined parametrically to facilitate 
I 
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FIG. 4. FEA model\. 
modification of the mesh density. sensitivity stud- 
ies of alternative mesh densities were conducted 
to ensure that the mesh was sufficiently dense. 
Meshes for the circle-formed and square-formed 
models of a fiber are shown in Fig. 4. 
The surfaces of the compression instrument 
that contact the fiber are modeled as rigid bod- 
ies. Contact between the outside surface of the 
fiber and the compression instrument is modeled 
with contact element puirs, as shown in Fig. 4. - 
Contact pairs consist of a contact element 
(ANSYS CONTA172 Element) on one body and 
a target element (ANSYS TARGE169 Element) 
on the other. Similarly, pairs of contact elements 
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TABI.~. 1 .  Geometric parameterstbr test duta and equivalent FEA models. 
Equivalent Equivalent Equivalent 
Thickness Young's square-formed circle-formed 
Width at c o l l a p ~ e  modulus uncollapsed uncollapsed Wall 




were defined on the opposed surfaces of lumen 
to allow contact between opposing surfaces dur- 
ing fiber collapse. The external compressive 
load is modeled by prescribing downward mo- 
tion of the upper compression instrument sur- 
face. The total downward displacement was 85% 
of uncollapsed height of the fiber, 
RESULTS 
Single-cycle compression tests were per- 
formed on three fibers, the results of which are 
summarized in Table 1. Finite element models of 
these three fibers were developed based on the 
dimensions of equivalent square-formed and 
circle-formed uncollapsed cross-sections, also 
shown in Table I .  
For fiber 1, the modeled deformed shapes with 
Von-Mises stress distributions for three states of 
collapse are shown in Fig. 5. Each of the color 
zones has stresses lying between the values at ei- 
ther end of the corresponding zone in the legend. 
In both the square- and circle-formed models, re- 
gions of high stress develop at each end of the 
lumen. In the square-formed model, these regions 
are in the form of columns that support a large 
compressive load. The curvature of the circle- 
formed model suppresses the development of 
these regions of high compressive stress as the 
sidewalls readily deflect in the lateral direction. 
In these plots, the thickness of the fully col- 
lapsed fiber appears to be less for the circle- 
formed fiber than for the square-formed fiber. 
These thicknesses are, in fact, equivalent. The ap- 
parent differences are due to scaling of the plots. 
The experimental and numerical force1 
displacement curves for fiber 1 are shown in Fig. 
6 .  The curve for the square-formed model lies 
well above the circle-formed model. This is con- 
sistent with the development of load-bearing 
columns in the square-formed model versus 
bending and lateral deflection at the ends of the 
lumen in the circle-formed model. The experi- 
mental curve lies between the square- and circle- 
formed models. 
The modeled collapse behavior of fibers 2 and 
3 was similar to the behavior of fiber 1. The 
stress contours exhibited similar characteristics 
and the force versus displacement curves for the 
circle-formed and square-formed geometries 
form lower and upper bounds, respectively, on 
the experimental curves. The data for these 
fibers are not included here. 
Parametric studies of the effects of fiber-wall 
thickness, uncollapsed fiber diameter, and elastic 
modulus were also performed. The study of 
fiber-wall thickness was based on a circle- 
formed fiber with an initial diameter of 30 mi- 
crons and an elastic modulus of 53.27 MPa 
(taken from fiber no. 3).  The fiber-wall thickness 
was varied from 3 microns to 7 microns. 
The slope of the region of lumen collapse and 
the collapse force (F ' )  both increase as wall 
thickness increases, as shown in Fig. 7 .  The in- 
creasing slope in the region of lumen collapse is 
due to the increasing resistance to bending of the 
cell wall. The increasing slopes in this region 
lead inevitably to higher forces at collapse. 
The study of the effects of uncollapsed fiber 
diameter was based on a circle-formed fiber with 
uncollapsed diameters of 20,30, and 40 microns, 
a wall thickness of 4 microns, and an elastic 
modulus of 65.87 MPa (taken from fiber no. 1). 
As shown in Fig. 8, the slope of the lumen col- 
lapse region and the collapse force both decrease 
as uncollapsed diameter increases. 
Collapse of the fiber is controlled largely by 
the resistance to "hinging" at the extreme lateral 
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FIG. 5 .  For fiber I .  collapse of (a) square-formed model and (b) circle-formed model showing Von-Mises stress (Pa) dis- 
tributions through the fiber wall. 
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FIG. 6. Comparison of experimental FEA force/ FIG. 8. Effect of initial fiber diameter of collapse behav- 
displacement curves for fiber I .  ior (E = 65/87 MPJ. 
ends of the lumen, as illustrated in Fig. 5.  Con- 
sider the fiber divided by a vertical axis of sym- 
metry. For each half of the fiber, there is a 
resultant vertical force. The product of this force 
with the "moment arm" from this force to the 
midpoint of the fiber wall, at the extreme ends of 
the lumen, defines the moment that leads to 
hinging. As fiber diameter increases, this mo- 
ment arm increases, leading to lower slopes in 
the lumen collapse region and lower collapse 
forces. 
The study of the effects of elastic modulus 
was based on a circle-formed fiber with an un- 
collapsed diameter of 30 microns and a wall 
thickness of 4 microns. As shown in Fig. 9, the 
dope of the lumen collapse region, the slope in 
the cell-wall compressions region, and the col- 
lapse force ( F ( )  increase as modulus increases. 
This is consistent with the stiffening of the fiber 
structure that results from a higher modulus. 
CONCLUSIONS 
The collapse of behavior of individual pulp 
fibers has been modeled using nonlinear finite 
element analysis. The model geometries and ma- 
terial properties are based on experimental data 
taken from compression tests of individual 
fibers. The initial uncollapsed geometry of the 
fibers is unknown but is assumed to be either 
square or circular. The cell wall is assumed to be 
homogenous, isotropic, and linearly elastic. The 
results of the square-formed and circle-formed 
models provide upper and lower bounds on the 
Fibre Thickness ( i r m )  Fibre Thickness (P )  
FIG. 7 .  Effect of fiber wall thickness on collapse behav- FIG. 9. Effect of equivalent elastic constant on collapse 
ior (E = 53.27 MPa). behavior. 
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experimental forceldisplacement data for all of 
the three fibers that were modeled. Thus, al- 
though these models are based on gross simplifi- 
cations of fiber structure, material properties, 
and geometry, it is clear that important aspects of 
fiber collapse behavior have been captured. Fu- 
ture work will concentrate on the introduction of 
anisotropy, material nonlinearity, and failure cri- 
teria leading to material property degradation. 
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